ABSTRACT
INTRODUCTION
In the present study, the source obtained in [ 1] is treated as the jet near field, and two integral methods based on the Kirchhoff surface approach [4], [5] are applied to investigate pattern of the jet acoustic radiation in the far field. The corresponding numerical formulations are discussed, and the numerical results are compared against the analytical benchmark for the monopole source radiation.
The comparison is then extended to the prediction of the acoustic radiation of the jet helical modes.
JET ACOUSTIC SOURCE FORMULATION

Following
[1], we consider a high-Reynolds number turbulent jet issuing from a nozzle of diameter D in a still air. The jet is assumed shock-free, and is excited by a single-frequency instability wave of Strouhal number St=fD/U. The density and the velocities are normalized by the jet exit density and velocity at the centerline. The development of large-scale, coherent, wave-like structure profiles in the compressible round jet is then obtained using the integral energy method and following the locally-parallel linear stability theory.
For the purpose of the present analysis, the results are presented as single-frequency, single-azimuthal number modes which, for the pressure perturbation, take the form,
where^denotes the transversal shape function of the transversal coordinate r at a given location along the jet (also, the eigenfunctions corresponding to a given n and co), n is the azimuthal wave number indicating the rotation around the jet centerline, c_ is the axial wave number, o_ is the excitation frequency, and cc denotes the complex conjugate.
A(x) is the complex amplitude function of x which is determined, in general, from a nonlinear analysis. 
where Cois the speed of sound, and Uo is the flee stream velocity in x-direction which is less than the speed of sound. The Prandtl-Glauert transformation 
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where the subscript "o" denotes the transformed variables, n = (n_, n, nO is the outward normal to the surface S, and the subscript r indicates that all the values are calculated at the retarded time,
Ro is the distance between the observer and the surface point in the Prandtl-Glauert coordinates,
and rand # are defined as 2 American Institute of Aeronautics and Astronautics
Co_ 2 Figure 3 . It will be further assumed that the mean flow outside the cylinder is stagnant, and thus the acoustic disturbances are described by the simple wave equation in the cylindrical coordinates:
Since the jet pressure modes (1) are excited with a specified frequency co, it is convenient to transform formulation to the frequency domain by applying the Fourier transform to (9). The integral solution is then obtained in the form, The approach of the SIF formulation is to seek a solution such that G = 0 on the control surface r = a, using the method of images. Morse and Ingard [6] give the Green function for emission from a cylinder of radius a at a point R, for R > a, as
where 
Adding the two solutions (11) and (15), one obtains, after algebraic manipulations, the required Green fimction which satisfies the control surface condition
and, using atr = a the relationship
With G = 0 at the control surface, the integral solution reduces to
Substituting, the acoustic field is obtained as
The formula (19) describes the relation between the acoustic far-field and the pressure distribution on a cylindrical control surface surrounding the jet noise sources. To perform the volume integration, the surface pressure on the cylindrical surface is taken as
and the integration over the azimuthal direction is then performed to obtain the final formula,
where kL is selected as the Nyquist limit, kL=_Ax, and
Ax is spacing between the x-points on the cylinder. For the numerical implementation, the order of integration in (21) can be reversed.
Point Source Comparison
Prior to applying to the _jet acoustic predictions, the two numerical codes implementing the Kirchhoff method and the SIF formulation are validated against the point source test.
The pressure distribution on the control cylindrical surface resulting from a monopole located in the middle of the cylinder, as shown in Figure 3 , is described by
r,
where, similar to (5) and (6), l (x ',y ',z ') is the source location at the midpoint of the centerline, and the retarded time tr, on the cylinder surface is determined from
For calculations using the Kirchhoff method, both the pressure and its normal derivative to the surface have to be introduced in (4). The results of the two codes are compared in Figure  4 for cO/co=l and Mo=O. In the calculations, a=l, and the observer points are located at R/a=50, -50<X/a<50. Figure 12 from [7] , with the data obtained for 
